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We report on epitaxial growth of Bi2Se3 topological insulator thin films by Pulsed Laser Deposition

(PLD). X-ray diffraction investigation confirms that Bi2Se3 with a single (001)-orientation can be

obtained on several substrates in a narrow (i.e., 20 �C) range of deposition temperatures and at high

deposition pressure (i.e., 0.1 mbar). However, only films grown on (001)-Al2O3 substrates show an

almost-unique in-plane orientation. In-situ spin-resolved angular resolved photoemission spectros-

copy experiments, performed at the NFFA-APE facility of IOM-CNR and Elettra (Trieste), show a

single Dirac cone with the Dirac point at EB � 0:38 eV located in the center of the Brillouin zone

and the spin polarization of the topological surface states. These results demonstrate that the topolog-

ical surface state can be obtained in PLD-grown Bi2Se3 thin films. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4982207]

Over the last decade, topological insulators have

attracted great interest for their intriguing conduction mech-

anisms.1–3 Even though they are insulating in the bulk, they

show a metallic surface state characterized by a unique spin

texture, as unambiguously demonstrated by spin-resolved

angular resolved photoemission spectroscopy (ARPES)

experiments.4–7 Furthermore, these states are topologically

protected against scattering driven by strong spin-orbit

interactions, thus being attractive as functional materials for

spintronic applications.8,9 However, for both fundamental

studies and electronic applications, high-quality single-

crystalline Bi2Se3 thin films, exhibiting topologically pro-

tected surface states, are therefore necessary. Moreover,

since most of the electronic devices are based on ad-hoc tai-

lored multi-layered heterostructures, it is equally necessary

to use flexible thin film deposition techniques which would

allow the growth of a large variety of functional materials

within the same growth system.

In a Pulsed Laser Deposition (PLD) system, the single-

atomic species of complex materials are supplied through an

ablation process of a target in the form of polycrystalline

powders and/or single crystal by the irradiation of a high-

intense laser beam. Therefore, multi-layered heterostructures

can be easily engineered by positioning the different targets

along the laser path, in a continuous vacuum condition. PLD

shares with other deposition techniques, such as Molecular

Beam Epitaxy (MBE), the high cleanness of the system to

prevent any possible contamination and the extremely low

deposition rate achievable during the growth (down to

0.01 nm/s). Moreover, since the propagation of the ablated

plume of materials is stopped only at very high pressure (i.e.,

several mbar), deposition processes at such high partial pres-

sures are indeed possible. Such a capability is particularly

important during the growth of materials containing highly

volatile atoms (e.g., selenium in the present case), whose re-

evaporation rate can be reduced by increasing the back-

ground pressure.

We here report on the growth at very high Ar pressure

(i.e., 0.1 mbar) of Bi2Se3 thin films. Combining low deposi-

tion temperatures (�290 �C) and low deposition rate is the

recipe to epitaxially grow Bi2Se3. We show that the template

substrate, while not influencing the bulk structural properties,

does have a tremendous impact on the surface structural

properties of the films. Highly textured single domain (001)-

oriented Bi2Se3 can only be grown on (001) Al2O3 substrates.

Our in-situ synchrotron radiation x-ray photoemission spec-

troscopy (XPS), angular resolved photoemission spectros-

copy (ARPES) and spin-resolved ARPES data, and ex-situ
X-ray diffraction (XRD) data prove that we succeeded in

growing by PLD high quality Bi2Se3 thin films whose surface

hosts the topologically protected surface state with expected

helical spin texture.

Bi2Se3 thin films were grown by the PLD technique, at

the NFFA-APE facility of IOM-CNR and Elettra in Trieste,10

using a KrF excimer pulsed laser source (k¼ 248 nm), with a

typical energy density of about 2 J/cm2, under a ultra-pure

(99.9999%) Ar pressure. Laser pulses were focused on a stoi-

chiometric polycrystalline Bi2Se3 target (purity 99.999%).

The typical deposition rate was about 0.07 nm per laser shot

and the laser repetition rate was varied from 1 to 10 Hz.

Structural properties of thin films were characterized by in-
situ Low-Energy Electron Diffraction (LEED) and ex-situa)Electronic mail: pasquale.orgiani@spin.cnr.it
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XRD, using a four-circle diffractometer with a Cu Ka radia-

tion source. XPS and ARPES measurements were performed

at the APE-NFFA beamline end stations receiving undulator

synchrotron radiation from the Elettra storage ring in UHV

spectrometer chambers directly connected with the in-situ
PLD growth apparatus, thus allowing the in-situ transferring

of the samples.

Bi2Se3 shows a rhombohedral crystal structure (space

group R-3m:H) with a periodic stacking of Bi-Se quintuple

layers along the out-of-plane c-axis. The unit cell spans three

Bi-Se quintuple layers with lattice constants along the a-axis

and c-axis of 0.414 nm and 2.864 nm, respectively.11,12

Remarkably, even though most of the substrates used for the

growth have very different in-plane lattice parameters (e.g.,

(001) Al2O3,13 (111) SrTiO3,14 (001) Si,15 (111) Si,16,17

and (111) InP18), highly c-axis oriented Bi2Se3 thin films

have been deposited in all of the cases. However, azimuthal

/-scans typically show a six-fold symmetry rather than the

expected three-fold one, thus indicating that the film in-plane

texturing derives from two domains, 60
�

rotated with respect

to each other.13,18,19 We here show that such a two-domain

in-plane texturing can be substantially removed by using a

suitable substrate.

Bi2Se3 thin films were deposited on both (001) Al2O3 and

(111) SrTiO3 single crystals. The temperature of the substrate

ranged from 270 �C up to 400 �C. After the film growth, the

samples were cooled down to room temperature in about

30 min in argon at deposition pressure ranging from 10–5 up to

10–1 mbar. The growth process at low Ar pressure (i.e., below

10–1 mbar) was found to promote Bi segregation, as measured

by XPS at the Bi-4f and Se-3d core levels. Similarly, by

increasing the growth temperature, Se deficiency is promoted

until the Bi3Se4 phase stabilizes for a growth temperature of

about 330 �C. Such a result is not surprising since the Bi3Se4

shares with the Bi2Se3 the same rhombohedral crystal struc-

ture, with a slightly larger cell length a of 0.422 nm. However,

due to the sizable difference in the c-axis lattice parameter

(i.e., 4.04 nm), the two phases can be discriminated by XRD.

A further increase in the temperature turns the film into an

amorphous alloy and no diffraction peaks were measured. Best

results were obtained for a growth temperature of 290 �C and a

low repetition rate of laser pulses (i.e., 1 Hz), under an Ar pres-

sure of 10–1 mbar. Interestingly, at such a high deposition

pressure, the target-to-substrate distance was crucial in get-

ting the optimal Se:Bi chemical ratio. The optimal target-to-

substrate distance, in our geometry, was found to be 48 mm.

As a matter of fact, like other complex systems,20 as the

background pressure increases, the films are deposited from a

progressively more confined ablation plume. This might

selectively affect both the energy and the efficiency of the

single-species transferring to the growing film. This is what is

likely happening also in the case of Bi2Se3 deposition, where

heavy (i.e., Bi) and light (i.e., Se) elements can be stopped at

different target-to-substrate distances, therefore determining

slight changes in the Bi:Se chemical ratio (e.g., samples

deposited at a distance of 50 mm are slightly Se deficient).

XRD symmetrical h–2h scans of optimized Bi2Se3 thin

films only contain (00l) peaks, indicating the preferential

c-axis orientation of the film along the [001] Al2O3 and the

[111] SrTiO3 substrates’ crystallographic directions (Fig. 1).

By symmetric (00 15) Bragg reflections, the out-of-plane

c-axis parameters were found to be 2.861 nm and 2.862 nm for

films grown on Al2O3 and SrTiO3 substrates, respectively, thus

indicating a substantial structurally relaxed growth on those

substrates. The azimuthal /-scan of Bi2Se3 thin films grown

on Al2O3 (panel (a) of Fig. 2) shows a substantial three-fold

symmetry of the film which epitaxially grows on C-sapphire

with a 60
�

in-plane rotation of the unit cell with respect to the

substrate. The very low intensity of the second series of dif-

fraction peaks at 60
�

from the major peaks indicates that the

double-domain structure is strongly suppressed. However,

even though showing the same c-axis preferential orientation,

Bi2Se3 thin films grown on the (111) SrTiO3 substrate were

not well ordered in the surface plane. In the azimuthal /-scan

(panel (b) of Fig. 2), the second series of diffraction peaks is

more intense than that reported for the film grown on (001)

Al2O3 and the background signal is not-zero, thus indicating a

fraction of in-plane randomly oriented Bi2Se3 domains.

Since XRD is a bulk sensitive technique, the surface

order of the PLD grown films was also checked by LEED. In

full agreement with the bulk sensitive XRD analyses, the

LEED pattern of in-situ transferred Bi2Se3 thin films grown

on Al2O3 (panel (c) of Fig. 2) shows sharp diffraction spots

exhibiting the expected three-fold symmetry, thus confirm-

ing the Bi2Se3 triangular in-plane symmetry. However, films

grown on the SrTiO3 (panel (d) of Fig. 2) show broad dif-

fraction spots exhibiting a six-fold symmetry with a continu-

ous connecting ring, indicating the presence of a randomly

in-plane distributed disordered phase. In the case of Bi2Se3

thin films grown on SrTiO3 substrates, the surface structural/

electronic properties can be very unsuitable for device appli-

cations and/or advanced probing techniques (e.g., spin-

resolved ARPES experiments on mis-oriented grains lead to

very broad spectral features or even no detectable band dis-

persion). On the contrary, Bi2Se3 thin films grown on (001)

Al2O3 show an almost unique in-plane structural arrange-

ment, thus making them ideal candidates in the cited cases.

FIG. 1. Symmetrical h–2h scan of a Bi2Se3 thin film grown on a (001)-

Al2O3 (red curve in upper panel) and SrTiO3 (blue curve in lower panel)

substrates. For reference, the spectra of bare (001)-Al2O3 and (111)-SrTiO3

substrates are also reported as black curves (asterisks indicate spurious peaks

recorded using a diffractometer on both films and bare substrates).
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The electronic properties and the chemical composition

of Bi2Se3 thin films were explored by measuring core level

photoemission spectra. The XPS survey scan displays main

peaks of both Bi and Se21–23 with no trace of either Bi24 or

Se25 segregation. In the case of pure Bi clusters, the 4f final

states would show at 162.3 eV/157.0 eV binding energy

(panel (a) of Fig. 3); for Se aggregates, the binding would be

at 55.1/55.3 eV with 0.86 eV spin-orbit splitting, well sepa-

rated with respect to the observed peaks belonging to Bi2Se3

(panel (b) in Fig. 3). Details of the relevant core level peaks

are presented in the panels of Fig. 3, with the results of fitting

routines to elucidate the lineshapes and energy separation. In

panel (a), the Bi 4f-Se 3p core lines show Se-related peaks

shifting by 2.5 eV towards lower binding energies while Bi-

peaks to higher binding energies (i.e., DE¼ 0.7 eV), with

respect to pure elemental aggregates. Such a behavior, attrib-

uted to the net charge flow with hybridized bonds between Bi

and Se, is also observed on other Bi chalcogenide systems.13

Because of the large (i.e., 10%) experimental indetermi-

nation of the chemical composition from present XPS data

due to possible errors in the fitting routine and background

subtraction and the presence of photoelectron diffraction

effects, as already reported in crystalline topological insula-

tors,26,27 we performed energy dispersive spectroscopy

(EDS) analysis, which is capable of an improved resolution

in determining the chemical composition (i.e., experimental

error of about 5%). The Bi:Se chemical ratio was found to be

1.5, thus indicating a correct stoichiometry of the Bi2Se3 thin

films. Interestingly, even in the case of a slight Se-deficiency

(for instance tuned by varying the target-to-substrate dis-

tance, as previously discussed), the topological properties

(i.e., a single Dirac cone with well-defined spin-texturing)

are not lost, while the Dirac cone is rigidly shifted to higher

binding energies as already reported for thin films4,6 and also

for single crystals.28–30

Spin and angular resolved photoemission experiments

were performed on in-situ transferred as-grown Bi2Se3 thin

films at a temperature of 77 K and with a synchrotron radia-

tion spot of about 100� 50 lm. In order to better resolve the

topological surface states features, ARPES investigation was

performed at a suitable photon energy (h�¼ 55 eV) that

strongly reduces the photoemission intensity from the bulk

conduction band. ARPES data of a Bi2Se3 thin film grown

on Al2O3 are shown in Fig. 4.

The ARPES features (panels (a), (b), and (c) of Fig. 4)

are in good agreement with the ones measured on cleaved sin-

gle crystals28 and thin films grown by MBE.7 As a matter of

fact, the characteristic signature of the topological surface

state can be easily observed: two linearly dispersing metallic

states cross the Fermi level at kjj � 60:1 Å
�1

and the two

branches intersecting at C. The position of the Dirac point

was determined by looking at the width of several Momentum

Distribution Curves (MDCs) of the ARPES spectrum and

comparing the FWHMs. The Dirac point was estimated to be

at EB ¼ 0:3860:03 eV binding energy, which is slightly

larger than the expected value of 300 meV obtained by calcu-

lations.3 It is worth noticing that such a discrepancy frequently

occurs in Bi2Se3 thin films13,14 and also in single crystals.2,7,31

Such a result indicates the slight presence of Se vacancies,

probably near the surface, which act as electron donor sites in

the Bi2Se3 compound, populating the conduction band and

shifting rigidly the band structure towards higher binding

energies (e.g., for a Se:Bi ratio of about 1.38, the Dirac point

has been measured at about 0.6 eV). However, charge carrier

density can be tuned by partially replacing Bi atoms with a

very small amount (�0.6%) of divalent ions (e.g., Ca2þ), thus

having the bulk insulating behavior restored.31

The spin texture of the Dirac cone was mapped by using

a very-low energy electron diffraction (VLEED) based vec-

torial spin polarimeter recently developed at the APE-NFFA

beamline.32 Spin-resolved results, obtained along the quanti-

zation axis laying in the sample surface plane perpendicular

FIG. 2. Azimuthal /-scans around the (105) Bi2Se3 asymmetric reflections

for Bi2Se3 films grown on Al2O3 (panel (a)) and SrTiO3 (panel (b)) sub-

strates, respectively; as reference, azimuthal /-scans around the (102) Al2O3

and (114) SrTiO3 asymmetric reflections are also reported as black curves in

the panels; (c) and (d) LEED patterns of Bi2Se3 thin films grown on Al2O3

and SrTiO3 substrates, respectively.
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to the crystalline momentum, are reported in panels (d) and

(e) of Fig. 4, where the spin-resolved curves and the spin

polarization deduced from the Energy Distribution Curves

(EDCs) measured at kjj ¼ 60:08 Å
�1

in the k-space are

shown. In particular, data confirm the expected helical spin

texture of the topological insulators: namely, two linear

branches of the Dirac cone spin polarized characterized by

opposite spin polarization for positive and negative momenta.

Furthermore, as expected, the spin chirality reverses above

and below the Dirac point. From the spin polarization analy-

sis, the estimated polarization value is �6 40%, lower than

the expected 100%. However, such a feature is quite com-

mon, even in the case of single crystals, and it has been dis-

cussed thoroughly from both the theoretical and experimental

point of view.33–35 Nevertheless, from the whole set of both

ARPES and spin-ARPES results, it can be concluded that the

PLD-grown Bi2Se3 thin films do show metallic surface states

that evidence the spin features fingerprints of the topological

insulators.

In conclusion, we have shown that high quality epitaxial

Bi2Se3 thin films can be grown by Pulsed Laser Deposition.

The combination of low deposition temperature (i.e., 290 �C),

high deposition pressure (i.e., 0.1 mbar), and low deposition

rate (i.e., 1 Hz) is crucial to obtain well ordered Bi2Se3 epitax-

ial thin films. Moreover, the use of the (001) Al2O3 substrate

provides an almost-unique structural texturing of the Bi2Se3

thin films. Spin-resolved ARPES data exhibit a single Dirac

cone with a well-defined spin polarization texture of the topo-

logical surface states. Moreover, even in the presence of a

slight Se deficiency, the topological surface states are pro-

tected and the Dirac cone is rigidly shifted towards higher

binding energies. Such a feature opens perspectives in emerg-

ing spintronic planar devices based on multi-layered hetero-

structures technology in which one functional layer is the

topological insulator Bi2Se3.
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